Degradation of storage starch in turions, survival organs of Spirodela polyrhiza, is induced by light. Starch granules isolated from irradiated (24 h red light) or dark-stored turions were used as an in vitro test system to study initial events of starch degradation. The starch-associated pool of glucan water dikinase (GWD) was investigated by two-dimensional gel electrophoresis and by western blotting using antibodies raised against GWD. Application of this technique allowed us to detect spots of GWD, which are light induced and absent on immunoblots prepared from dark-adapted plants. These spots, showing increased signal intensity following incubation of the starch granules with ATP, became labeled by randomized [bg-33 P]ATP but not by [g-33 P]ATP and were removed by acid phosphatase treatment. This strongly suggests that they represent a phosphorylated form(s) of GWD. The same light signal that induces starch degradation was thus demonstrated for the first time to induce autophosphorylation of starch-associated GWD. The in vitro assay system has been used to study further effects of the light signal that induces autophosphorylation of GWD and starch degradation. In comparison with starch granules from dark-adapted plants, those from irradiated plants showed increase in (1) binding capacity of GWD by ATP treatment decreased after phosphatase treatment; (2) incorporation of the b-phosphate group of ATP into starch granules; and (3) rate of degradation of isolated granules by starch-associated proteins, further enhanced by phosphorylation of starch. The presented results provide evidence that autophosphorylation of GWD precedes the initiation of starch degradation under physiological conditions. Degradation of starch in cereal endosperm has been thoroughly investigated over a long period (see Ritchie et al., 2000) . However, the mechanisms discovered in these systems are not applicable to the metabolic mechanisms of starch in other plant cells, e.g. transitory starch in chloroplasts of leaves or storage starch in amyloplasts of tubers, roots, or turions (see Smith et al., 2003) . The main reason for this difference is the a-cellular character of endosperm at the time of starch degradation. The network of regulatory processes is certainly different in living cells. In the last few years, a hitherto unexpected aspect of starch degradation has been revealed (see Blennow et al., 2002) . A protein was discovered associated with starch granule surfaces (Lorberth et al., 1998; Ritte et al., 2000b) , which showed reversible binding depending on the metabolic status of the cell (Ritte et al., 2000b; Reimann et al., 2002) . By analysis of antisense plants and mutants, it became clear that this protein is necessary for phosphorylation of starch and that starch degradation is impaired in its absence (Lorberth et al., 1998; Yu et al., 2001) . Later, the biochemical function of this protein, now named a-glucan water dikinase (GWD; EC 2.7.9.4), was revealed Mikkelsen et al., 2004) . This protein becomes autophosphorylated by the b-phosphate group of ATP and transfers this phosphate group further to starch. An in vitro assay of GWD has recently been described (Ritte et al., 2003) . Site-directed mutagenesis of a conserved His residue resulted in an inactive enzyme and loss of autophosphorylation (Mikkelsen et al., 2004) . The Glc moieties were phosphorylated at C6 and C3 positions; possible structural consequences have been described Engelsen et al., 2003) .
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In turions, survival organs of the duckweed Spirodela polyrhiza, the main storage compound is starch (Henssen, 1954) . Germination and degradation of storage starch are induced by light absorbed by phytochrome (Appenroth and Augsten, 1990; Doelger et al., 1997; Appenroth and Gabrys, 2001) . In darkness, no starch degradation is detected. This creates an opportunity to start degradation of storage starch at any time using a suitable light treatment of turions. In contrast to transitory starch, whose level oscillates according to the daily light/dark cycle and circadian rhythm, the level of storage starch depends on seasonal changes. In turions, the main function of starch is to support growth of newly formed fronds following germination in spring (Ley et al., 1997) . Formation of turions and of storage starch proceeds in late summer or autumn (Henssen, 1954) . Thus, in these storage organs, synthesis and degradation of starch are well separated, which makes them additionally advantageous as an experimental system.
In this paper, the newly discovered enzyme GWD has been investigated in the turion system. An in vitro assay has been developed, which uses isolated starch granules and investigates their starch-associated proteins, phosphorylation of starch, and degradation of starch. The granules were isolated from irradiated (starch degradation-induced) or dark-adapted (no starch degradation in vivo) turions. This assay allows us to characterize the effect of the inducing light signal on different steps of starch degradation. We tested a working hypothesis that a light signal, which induces starch degradation, also induces autophosphorylation of GWD, resulting in the phosphorylation of starch. By this mechanism, early events of starch degradation are initiated.
RESULTS

Influence of Light on GWD
Turions of S. polyrhiza were irradiated with red light (R) for 24 h or 48 h, or were dark-adapted as a control. Starch granules were isolated, and starch-associated proteins were extracted and investigated by twodimensional SDS gel electrophoresis (2D-GE), followed by western analysis using antiserum raised against GWD (Fig. 1) . The analysis of the dark control ( Fig. 1 ; D/2ATP) showed a cluster of immunosignals at a molecular mass of 154 kD and a pI of approximately 5.5. To investigate a possible influence of autophosphorylation on starch-associated GWD, starch granules were incubated with ATP and further investigated by 2D-GE/western analysis. In the darkcontrol sample incubated with ATP ( Fig. 1 ; D/1ATP), the antibodies detected a range of new spots slightly shifted toward the acidic region. When samples from irradiated turions (1 d R) were analyzed, two new signals appeared in the acidic region with a pI of approximately 4.0 (see arrow in Fig. 1 ; 1dR/2ATP), and one weaker signal at approximately 5.0. These new signals correspond to the same molecular weight as that of the polypeptides detected in the dark control. After 2 d of irradiation ( Fig. 1; 2dR/2ATP ), the original cluster of signals observed in the dark control disappeared completely so that only the two spots in the acidic region were detected. When irradiated samples were treated with ATP (1 d R), no new spots were found. Instead, the signal intensities of the R-produced spots were significantly enhanced ( Fig. 1; 1dR/1ATP ). The comparison of ATP-treated starch granules isolated from dark-adapted and R-irradiated turions suggests that the ATP treatment enhances the effect of R irradiation in vivo on GWD but cannot replace it.
To confirm that the light-induced spots in the acidic region represent phosphorylated forms of GWD, starch granules were incubated with radioactive ATP. The granules were isolated from irradiated turions (1 d R), and either common g-ATP or randomized bg-ATP was used for incubation. Subsequently, the starch-associated proteins were extracted, separated by 2D-GE, and transferred to a polyvinylidene difluoride membrane. To ensure comparison of the signals, the same membranes were used for immunodetection of GWD using antibodies and for phosphor imaging (Fig. 2) . The intensity of the immunosignals in the acidic range ( Fig. 2A) clearly showed successful phosphorylation of GWD by the ATP treatment (compare with Fig. 1 ). No radioactive signal of any polypeptide in the investigated range of molecular weights was detected when g-ATP was used (Fig. 2B) . However, using randomized bg-ATP, the spots detected by immunostaining in the acidic region were also labeled by radioactivity (Fig. 2C ). This shows that phosphate in the b-position of ATP specifically autophosphorylated the protein recognized by GWD antibodies. Additionally, starch granules isolated from irradiated turions (1 d R) were treated with acid phosphatase. As a result of this enzymatic treatment, no polypeptides in the acidic region were recognized by the GWD antibodies, demonstrating independently that these GWD spots represent phosphorylated forms of the protein (Fig. 2D) .
The soluble pool of GWD, not associated with the starch granule surface, was also investigated (Fig. 3 ). This pool represents more than 90% of the total amount of GWD (compare with Reimann et al., 2002) . Regardless of the light conditions applied (1 d R or darkness), the immunoblots were almost identical to each other and comparable to the dark control of starch-associated GWD ( Fig. 1 ; D/2ATP). No effect of ATP treatment (100 mM) was detected ( Fig. 3 ; sol/ 2ATP, sol/1ATP). When soluble recombinant GWD from potato (Solanum tuberosum) was used for ATP treatment, two signals were detected in the acidic region that are very weak in comparison with the signals detected at the pI of approximately 5.5 (compare with Fig. 3 ; rec/2ATP, rec/1ATP). The position of these signals was the same as those of starchassociated GWD from irradiated samples treated with ATP ( Fig. 1 ; 1dR/1ATP).
Binding of GWD to Starch
The phosphate content of starch granules isolated from dark-adapted and irradiated turions was investigated by colorimetric measurements following acid digestion of starch samples. Irradiation of turions (1 d R) increased the phosphate content from 3.1 6 0.2 mmol g 21 starch in dark-control samples to 3.8 6 0.2 g 21 that is significant at the 5% level according to Student's t test. Approximately every 2,000th Glc moiety of starch is therefore phosphorylated in turions. This very low phosphate content in starch of turions is the reason why no phosphate was detectable by enzymatic determination of Glc-6-P as described by Nielsen et al. (1994) or by anion-exchange chromatography with pulsed amperometric detection of phosphorylated Glc as described by Ritte et al. (2000a; data not shown) .
To confirm that phosphorylation of starch influences, the binding capacity of GWD in vitro and starch granules isolated from irradiated turions (1 d R) or from dark-adapted ones were incubated with ATP. These starch granules were deproteinized and then incubated with soluble proteins from irradiated turions (1 d R). Proteins bound to the granules during this incubation were extracted by SDS, and the amount of GWD was determined by one-dimensional SDS gel electrophoresis (1D-GE)/western analysis. In the starch granules isolated from irradiated turions, the amount of starch-associated GWD was enhanced by ATP treatment (Fig. 4) . By contrast, the granules from dark-adapted turions did not show any effect of ATP treatment. It can be concluded that GWD has Thereafter, proteins bound to the granules were extracted, and the amount of GWD was determined by 1D-GE/western analysis. higher affinity to phosphorylated starch in an ATPdependent manner in starch granules from irradiated turions.
As shown before ( Fig. 1) , starch-associated GWD is partly phosphorylated on the granules from irradiated turions, and the level of phosphorylation can be decreased by treatment with acid phosphatase (Fig.  2D ). To investigate whether the phosphorylation status of GWD itself has an influence on the capacity of starch binding, the granules were isolated from irradiated turions (1 d R) and incubated in the presence of acid phosphatase (20 min, 25°C). Following centrifugation (5 min, 15,000g), the relative amount of GWD was determined in the supernatant (released from starch surface) and in the pellet (starch associated) by 1D-GE/western analysis (Fig. 5) . In controls without phosphatase treatment, GWD was detected exclusively in the starch-associated form but not in the supernatant. During the dephosphorylation of GWD by phosphatase, a significant amount of GWD was detected in the supernatant, released from the starch surface. This result indicates that dephosphorylation of GWD in vitro decreased its capacity to bind starch.
In Vitro Phosphorylation of Starch
The in vitro assay was used to investigate whether preirradiation of turions has any influence on the phosphorylation of isolated starch granules. This type of experiment was carried out because it has been shown before that autophosphorylation of GWD precedes the phosphate transfer to glucan . Starch granules from preirradiated turions (1 d R) and dark-adapted ones were incubated with randomized bg-ATP. After starch-associated proteins were removed by washing with SDS-containing buffer, the incorporation of radioactive phosphate into starch was measured by scintillation counting. Figure 6 shows that incorporation of phosphate into starch was higher in preirradiated than in dark-adapted samples. g-ATP, however, had no significant influence on the phosphate content of starch. Because preirradiation of turions (1 d R) did not increase the amount of GWD bound to the granule in vivo (Reimann et al., 2002) , the higher phosphorylation of starch in preirradiated samples could not be a consequence of the amount of GWD attached to starch.
In Vitro Degradation of Starch Granules
As stated in preliminary experiments, incubation of isolated starch granules in buffer at room temperature led to their degradation, and low molecular carbohydrates like Glc, maltose, and carbohydrates with polymerization degrees of 3 and 4 were abundant products (data not shown). Using the in vitro assay, we characterized degradation of native starch granules. The soluble carbohydrates formed by starch hydrolysis were further degraded by acid hydrolysis, and the resulting amount of Glc was measured. Starch degradation was higher in starch granules isolated from irradiated turions (1 d R), and it was strongly enhanced by the ATP treatment (Fig. 7) . ATP did not affect the weaker degradation of the granules isolated from dark-adapted turions. In control experiments with deproteinized starch granules, no release of Glc was detected (data not shown). Figure 5 . Effect of acid phosphatase on the level of starch-associated GWD. Starch granules from irradiated turions (1 d R) were incubated with (1phosphatase) or without (-phosphatase) acid phosphatase. After separation of supernatant and starch pellet by centrifugation, the two pools were investigated by 1D-GE/western analysis. The amount of protein loaded in each lane represents the entire fraction released from or associated with 10 mg of starch. The signal intensities were quantified from six independent samples using the ImageMaster VDS system. Data (relative western signal intensities) are given as average 6 SE in brackets below. Lane 1, Soluble GWD without acid phosphatase treatment (2phosphatase; no signal detectable). Lane 2, Starchassociated GWD without acid phosphatase treatment (2phosphatase; signal intensity 1.0). Lane 3, GWD released during the acid phosphatase treatment (1phosphatase; signal intensity 0.18 6 0.02). Lane 4, Starch-associated GWD after acid phosphatase treatment (1phosphatase; signal intensity 0.84 6 0.05). Lane 5, Phosphatase in the same amount as used for lanes 3 and 4 (control; no signal detectable). Finally, starch granules were incubated with acid phosphatase to decrease the phosphorylation level of starch-associated GWD, and the influence of this treatment on starch degradation in vitro was tested. Starch granules were isolated from irradiated turions (1 d R) and incubated with acid phosphatase for 15 min at 25°C. Thereafter, starch granules were washed twice to remove acid phosphatase, and the rate of starch degradation was determined as described before. The phosphatase treatment had no influence on the rate of starch degradation (Fig. 7) . Therefore, the phosphorylation status of GWD itself did not influence starch degradation in vitro.
DISCUSSION
In this study we discovered that R induces autophosphorylation of the recently described enzyme GWD (Lorberth et al., 1998; Yu et al., 2001; Ritte et al., 2002; Mikkelsen et al., 2004) , a key enzyme in starch degradation. We conducted our experiments with turions of S. polyrhiza, which represent an excellent model system to study starch degradation since they are starch storage organs in these plants. Moreover, in contrast to degradation of transitory starch in chloroplasts of leafs (Lorberth et al., 1998) , degradation of storage starch in amyloplasts of turions is induced by light Gabrys, 2001, 2003) . Within the 24 h-period of irradiation, degradation of starch was induced by light, but significant breakdown of starch could be detected only in the following (light or dark) period because this biochemical process needs more time (Appenroth and Gabrys, 2001 ). Most interestingly, irradiation of turions induced autophosphorylation of GWD. This is evident by (1) two new forms of immunodetectable GWD shifted toward the acidic region of 2D maps. These two protein spots are induced by light. (2) The increase in staining intensity of the two acidic protein spots resulted from incubation of starch granules with ATP. The same two proteins, which were recognized by GWD antibodies, were labeled by incubation of isolated starch granules with [ 33 P]ATP. This reaction uses specifically b-ATP, whereas g-ATP has no effect. (3) Phosphorylation of starch proceeds during incubation of isolated starch granules with b-ATP, whereas g-ATP has no effect. All these results are in agreement with the properties of GWD as revealed by biochemical investigations (Ritte et al., , 2003 Mikkelsen et al., 2004) . It can be concluded that the light signal starts a chain of events, which produces autophosphorylation of GWD and, finally, results in starch degradation. To the best of our knowledge, this is shown here for the first time.
Starch granules isolated from dark-adapted turions (which do not undergo starch degradation in vivo) show in vitro different properties than those from irradiated turions. The starch-associated GWD is not phosphorylated, as the two GWD isoforms present after bg-ATP treatment are not detectable. Moreover, treatment of the isolated granules with ATP results in a different pattern of immunosignals in the 2D-GE/ western blot. Evidently, R irradiation of the turion cells makes the starch-associated fraction of GWD accessible to [b-P]ATP-dependent autophosphorylation. This indicates another undiscovered effect of light, which represents a prerequisite for the initiation of starch degradation in the turion storage tissue. The nature of this light effect is unknown and might involve modifications of GWD or of starch granule surfaces. We describe this process operational as activation of GWD because it creates a prerequisite for its [b-P]ATP-dependent autophosphorylation.
The shift into acidic region of the 2D-GE described above (approximately 1.5 units) that is caused by phosphorylation of GWD cannot be solely explained by phosphorylation itself. In the case of GWD sequences from potato and Arabidopsis (Lorberth et al., 1998; Yu et al., 2001) , the calculated shift caused by one phosphorylation site is approximately 0.04 units. Even 10 phosphorylation events would shift the pI by not more than 0.33 units. It is therefore tempting to speculate that phosphorylation induces a conformational change of the GWD protein, which could be responsible for the large shift of the pI. Surprisingly, two different spots were detected in the acidic region after phosphorylation. Moreover, several spots were detected in dark samples (control) or in dark samples treated with ATP. The reason of this phenomenon is not known.
The results presented here show that effective autophosphorylation of GWD requires association of this protein with starch granule surfaces. This starchassociated fraction of GWD (Reimann et al., 2002) is the target of the light signal, whereas only a very small part of soluble GWD becomes phosphorylated by ATP treatment. Whether this requirement is true also for other organs, e.g. potato tubers, is not yet known.
GWD binds reversibly to the starch surface in dependence on the physiological conditions (Ritte et al., 2000b; Reimann et al., 2002) . This represents an additional step of regulation of starch degradation as suggested before (Reimann et al., 2002) . From the results presented, it can be concluded that binding of GWD to starch granules in vitro depends on phosphorylation of GWD as well as on phosphorylation of starch. This holds true not just for GWD, whose function consists in the phosphorylation of starch Mikkelsen et al., 2004) preceding its degradation (Lorberth et al., 1998; Yu et al., 2001) . For example, a-amylase, which plays an important role in starch degradation itself (see Smith et al., 2003) , was also shown to be associated with starch in a lightdependent way (Reimann et al., 2002) . It can be postulated that phosphorylation of starch modifies its binding capacity also to various other proteins (compare with Reimann et al., 2002 ) that may participate in the degradation process of starch granules. Thus, phosphorylation of starch is crucial for the binding of starch-degrading enzymes, representing one of the key events in the initiation of starch degradation in turions of S. polyrhiza.
From starch excess mutants of potato (Lorberth et al., 1998) and Arabidopsis (Yu et al., 2001) , it is known that the phosphate content of starch correlates with the level of GWD. Autophosphorylation of GWD and transfer of phosphate to glucan were described as ''ping-pong type reaction mechanism'' . Our data show that starch granules from irradiated turions (1 d R) become more phosphorylated and show higher rates of degradation than those from dark-adapted turions. These results do not prove a causal link in the system investigated here. However, the level of phosphorylation of starch correlates to the level of starch degradation activity. As shown by Reimann et al. (2002) , the binding of a-amylase is correlated to the phosphorylation of starch, which would link the action of GWD to degradation of starch by enzymes like a-amylase. Increased amount of starch-associated a-amylase and enhanced degradability of starch account for the rate of light-induced starch degradation in plant cells of S. polyrhiza.
Taken together, the sequence of events leading to starch degradation may include the following steps (Fig. 8). (1) Absorption of light by phytochrome, which leads through some undiscovered intermediary steps to the activation (responsiveness toward phosphorylation) of starch-associated GWD. (2) Starch-associated GWD becomes autophosphorylated. (3) Starch becomes phosphorylated, which (4) enhances the binding capacity of enzymes as already known from a-amylase (Reimann et al., 2002) as well as the accessibility of starch. Finally, (5) hydrolysis of starch is initiated. Additional but at the moment unknown hypothetical reactions (e.g. influence of phytochromeinduced signal transduction chains on other proteins) may further complicate the complex regulation of starch degradation.
MATERIALS AND METHODS
Cultivation of Plants, Light Sources, and Irradiation
All experiments were carried out with etiolated nondormant turions of the duckweed (Araceae) Spirodela polyrhiza L. Schleiden strain SJ (Appenroth et al., 1996) . Cultivation of plants, formation of turions, light sources, and irradiation were described before (Appenroth et al., 1996; Appenroth and Gabrys, 2001; Reimann et al., 2002) . The fluence rate of R (658 nm, half-band width 25 nm) was 12 mmol m 22 s 21 (Reimann et al., 2002) .
One-and Two-Dimensional Gel Electrophoresis, Electrophoretic Protein Transfer, and Immunostaining
The isolation of starch granules and the extraction of soluble and starchassociated proteins have been described previously (Reimann et al., 2002) . Starch-associated proteins were extracted in 0.125 M Tris-HCl (pH 6.8) buffer containing 2% (w/v) SDS. A total of 0.02 mL of buffer per milligram of starch was used. Soluble proteins were extracted in 50 mM HEPES-KOH (pH 7.5) buffer (Reimann et al., 2002) without SDS and quantified according to Bradford (Appenroth et al., 1982) .
One-dimensional SDS gel electrophoresis, electrophoretic transfer, and immunostaining were carried out as described before (Reimann et al., 2002) . Sample preparation and 2D-GE were described by Hippler et al. (2001) . The loaded starch-associated proteins corresponded to the same amount of starch dry weight. Proteins were dissolved in 380 mL of solubilization buffer ( [w/v] bromphenol blue) and incubated for 1 h at room temperature, then centrifuged at 9,000g for 5 min. A total of 350 mL of the supernatant was carefully removed, filled into a fresh tube, and 0.5% (v/v) IPG buffer (Amersham) was added again. This solution was loaded into the groove of a ceramic strip tray (Amersham). The IPG strip, with a linear pH gradient from 3.0 to 10.0, was overlaid upside down, covered with paraffin, and incubated for 12 h at 20°C. After rehydration of the IPG strips in the presence of the sample, electrophoresis was performed using an IPGphor apparatus (Amersham) at 15°C until 50 kVh were reached.
After electrophoresis in the first dimension was finished, the IPG strips were removed from the tray and equilibrated for SDS-PAGE using two different equilibration solutions. The IPG strips were first incubated with solution 1 (50 mM pH 6.8; 6 M urea; 30% [v/v] [w/v] bromphenol blue) for 5 min. The strips were then briefly washed with water, loaded on top of a prepared SDS-PAGE (8% acrylamide and 0.42% piperazine diacrylamide), and covered with 0.5% agarose. The SDS-PAGE was run at 8°C and 30 mA per gel using a Bio-Rad multi-cell apparatus (Hercules, CA).
For the immunostaining, antibodies raised against GWD (EC 2.7.9.4) from potato (Solanum tuberosum; Lorberth et al., 1998) were used. The antiserum was diluted 1:5,000 when used following 1D-GE and 1:3,000 after 2D-GE. The intensities of detected protein bands were quantified using the ImageMaster VDS system (Amersham-Pharmacia, Freiburg, Germany) and the software supplied by the producer.
ATP Treatment and Analysis of GWD
Starch granules (30 mg dry weight) were incubated in 0.5 mL of the following buffer: 50 mM HEPES-KOH (pH 7.5), 1 mM EDTA, 6 mM MgCl 2 , 5 mL of protease inhibitor (cocktail for plant cell and tissue extract; SigmaAldrich, Taufkirchen, Germany), and 0.1 mM ATP (Ritte et al., , 2003 . ATP was omitted in control probes. The suspension was rotated at approximately 15 rpm for 20 min at 25°C using the mixing rotor Variospeed (Renner, Darmstadt, Germany). The suspension was centrifuged for 5 min at 16,000g, and the starch-associated proteins were extracted from the pellet and investigated by 2D-GE/western analysis (see above).
For the incubation of starch granules with radioactive ATP, two different labeled ATP preparations were used: [g- (designated as g-ATP and gb-ATP) obtained by enzymatic randomization with myokinase and pyruvate kinase . Starch granules (30 mg dry weight) were incubated at 25°C for 30 min in 400 mL of the following solution: 50 mM HEPES-KOH, pH 7.5, 1 mM EDTA, 10% (v/v) glycerol, 5 mM MgCl 2 , 5 mM KCl, and 100 mM ATP containing 4 MBq gb-ATP or g-ATP.
Following incubation, starch-associated proteins were separated by 2D-GE and electrophoretic transferred on polyvinylidene difluoride membrane (Hybond-P; Amersham-Pharmacia). These membranes were used in a PhosphorImager (Storm 820; Molecular Dynamics, Krefeld, Germany) to detect radioactive labeled proteins and for immunodetection using GWD antiserum as described above. Soluble proteins were extracted from turions (1g fresh weight) that had been irradiated with R for 24 h. The concentration of the total soluble protein was 0.1 mg in 0.5 mL. The plant extract was incubated with (100 mM) or without ATP and thereafter used for 2D-GE/western analysis. The same experiment was carried out with recombinant, partially purified GWD from potato (0.6 mg mL 21 ) as described before .
Acid Phosphatase Treatment and Analysis of Starch-Associated GWD Starch granules (10 mg dry weight) were incubated in 1 mL of buffer containing 100 mM PIPES-HCl (pH 6.0) and 1 mM dithiothreitol in the presence of 10 units of acid phosphatase from potato (Roche Diagnostics, Mannheim, Germany). The suspension was incubated for 20 min at 26°C using a mixing rotor (15 rpm) and thereafter centrifuged for 5 min at 16,000g. The supernatant (which contained the starch-associated proteins released from starch grains during the phosphatase treatment) was precipitated with phenol-ether (Sauve et al., 1995) , redissolved in 0.1 mL of sample buffer (Laemmli, 1970) , and further used for 1D-GE/western analysis. This fraction was designated as released proteins. The pellet (which contained the starch granules) was used for the extraction of starch-associated proteins (Reimann et al., 2002) . This starch-associated fraction was investigated by 1D-GE and 2D-GE, followed by western analysis of GWD. Controls were treated as the samples, but phosphatase was omitted during suspension.
Calculation of pIs of GWD following Potential Phosphorylations
The pIs of GWD subjected to multiple potential phosphorylations were calculated using the algorithm from ExPASy's Compute pI/Mw program provided under http://scansite.mit.edu (see also Bjellqvist et al., 1993) . Two GWD proteins were used for the calculations: R1 from Solanum tuberosum (CAD 88974) and sex1 from Arabidopsis (NP 563877).
In Vitro Binding of Soluble GWD to Starch Granules
Isolated starch granules (10 mg dry weight) were incubated with nonradioactive ATP as described above. The suspension was then centrifuged (5 min, 16,000g), and starch was deproteinized using toluene (Morrison and Karkalas, 1990) . The starch granules were vigorously mixed for 30 s with 1.2 mL water:toluene (3:1) and separated by centrifugation (5 min, 16,000g). This procedure was repeated four times, and thereafter the starch granules were washed three times with 1 mL of water. The starch granules were then incubated under rotation for 1 h at 4°C with soluble proteins (0.6 mg in 500 mL), extracted from turions that had been irradiated for 24 h in R. The resulting suspension was loaded on top of a 5-mL cushion consisting of 95% (v/v) Percoll (Amersham-Pharmacia) and 5% (v/v) 0.5 M HEPES-KOH (pH 7.0). After centrifugation (15 min, 2,000g; Ritte et al., 2000b) , the starch granules were washed twice with 1 mL of 0.1 M HEPES-KOH (pH 8.0), and the starch-associated proteins were extracted using 0.1 mL of 2% (w/v) SDS. Starch-associated GWD was investigated by 2D-GE/western analysis.
In Vitro Degradation of Starch Granules
Starch granules (10 mg dry weight) were incubated in 0.5 mL of buffer containing 50 mM HEPES-KOH (pH 7.5) and 1 mM EDTA at 25°C under rotation. After the incubation, the granules were separated from the supernatant by centrifugation (5 min, 16,000g), and the sugar released during the incubation was measured (Waffenschmidt and Jaenicke, 1987 ). An aliquot of 0.4 mL from the supernatant was hydrolyzed together with 0.4 mL of 1 M HCl for 100 min at 100°C. After centrifugation (5 min, 16,000g), 0.5 mL from supernatant was neutralized by adding 0.5 mL of 0.5 M NaOH. For the colorimetric determination (A 560 ) of the released Glc, 0.2 mL of the neutralized solution was mixed with 0.3 mL of water and 0.5 mL of reagent as described by Waffenschmidt and Jaenicke (1987) . The amount of Glc released is given in micrograms of Glc per gram starch granules (dry weight).
To investigate the influence of ATP on starch degradation, 0.1 mM ATP and 6 mM MgCl 2 were added to the reaction mixture. The treatment with acid phosphatase was carried out in the same way as described above (see ''Acid Phosphatase Treatment and Analysis of Starch-Associated GWD''). In all experiments, six independent samples were investigated. Data are given as average 6 SE.
[ 33 P]ATP Treatment and Analysis of Starch Granules bg-ATP was prepared as described above. Starch (10 mg dry weight) was incubated in 0.5 mL of the following buffer: 50 mM HEPES-KOH, pH 7.5, 1 mM EDTA, 6 mM MgCl 2 , and 25 mM ATP with 0.4 MBq bg-ATP. After 20 and 120 min of incubation under rotation (15 rpm) at 25°C, the reaction was stopped by adding 120 mL of 0.1 M HCl. The starch granules were thoroughly washed (once with 2% [w/v] SDS and six times with phosphate-buffered ATP [2 mM]) as described recently (Ritte et al., , 2003 . Following centrifugation (5 min, 16,000g), the starch granules were suspended in 0.8 mL of water and mixed with 1.2 mL of scintillation solution (Rothiszint mini; Roth, Karlsruhe, Germany). Radioactivity was measured in a scintillation counter (LS6500; Beckmann, Munich). Data were given as differences between the results measured after 20 min and after 120 min of incubation to eliminate unspecific associated ATP. As control, g-ATP was used instead of randomized bg-ATP for incubation. Six independent samples were investigated, and results were given as average 6 SE.
For the determination of the phosphate content of starch, 15 mg of isolated starch granules were deproteinized by toluene treatment (see ''In Vitro 
